Summary: Glucose is transported from blood to brain tissue by facilitated diffusion of limited capacity. The re gional variation of the glucose transport capacity is not known in detail because methods used previously have been too gross to detect fine regional differences. There fore, it is not known to what extent the glucose transport capacity varies in proportion to regional blood flow and metabolic rate. To resolve this question, we used double tracer, dual-label autoradiography to measure blood brain glucose clearance and blood flow simultaneously in hypo-, normal, and hyperglycemic rats. From the values of glucose clearance and blood flow at various plasma glucose levels, we calculated the affinity constant and maximal transport capacity of the glucose transport Glucose is the brain's chief nutrient. The regional consumption of glucose varies with the variations of neuronal (and perhaps glial) activity in any one area (Yarowsky and Ingvar, 1981) . Further, the ratio between blood flow and glucose metabolism ap pears to be the same in all regions of the brain, �0.5 j-lmol ml-1, or 5-10% of the plasma glucose con centration (Reivich and Sokoloff, 1976; Sokoloff, 1978) , corresponding to the ratio between blood flow and oxygen consumption (Frackowiak et al., 1980) .
The glucose is transported to the tissue by a sat urable mechanism of limited capacity (henceforth called T max) ' Measurements of brain tissue glucose system. The transport capacity (T ma X> varied in approxi mate proportion to the blood flow and, by inference, the metabolic rate. In contrast, the affinity constant (K,) did not vary systematically between the regions (mean value 7.1 mM). The variation of T ma x from 270 to 890 J.Lmol hg -I min -I reflected a parallel variation of total regional cap illary length and surface. We conclude from the study that the cerebral capillary is a fixed unit, i.e., that the number of glucose transporters per unit of capillary surface area is the same in all regions. Regional differences are the result of different capillary densities in the regions of the brain. Key Words: Blood-brain barrier-Blood-brain glucose transfer-Computer-assisted morphometry Quantitative autoradiography.
indicate that the glucose concentration is of the same magnitude in all regions, regardless of the blood flow and glucose consumption rates (Gjedde and Diemer, 1983) . This observation leads to the conclusion that not only blood flow but also glucose transport must be positively correlated to glucose consumption in all regions, regardless of the abso lute magnitude of the variables (Hawkins et aI., 1983) . This conclusion raises the question of the mechanism that adjusts glucose supply to the pre vailing glucose demand: Does the transport ca pacity vary with the regional blood flow and glucose consumption, or does the affinity of glucose for the transport mechanism vary regionally in a manner that ensures proportional glucose influx?
In the literature, the answers to the question are equivocal. Several studies of rodents have not in dicated marked regional variation of the maximal transport capacity Pardridge et aI., 1982; Betz and Iannotti, 1983) , but at least two studies did conclude that T max varied regionally in proportion to metabolism (Cremer et aI., 1983; Hawkins et aI. , 1983) . However, the latter studies were both based on the assumption that K t is in variant, and all the studies, with the exception of that of Hawkins et al. (1983) , sampled brain tissue by dissection, a method subject to somewhat im precise regional definition.
The present study used autoradiography in the form of a double-tracer technique (Die mer and Ro se n�rn, 1981) for the regional study of glucose transport from blood to brain. A chief reason for the study was the need to know the Michaelis half saturation constant (henceforth called K t ) in the re gional determination of the brain glucose content by autoradiography (Gjedde and Diemer, 1983) . This method is simpler if K t does not vary re gion ally.
Measurements of the regional capillary surface in a given brain volume may reflect on the mechanism responsible for the relationship between blood flow and glucose transport capacity. To clarify the mech anism, we analyzed the capillary network in brain sections, computing the total capillary length and surface in selected regions (Diemer, 1982a,b) . Thus, in the present study, a total of three correlations were included, regional blood flow versus regional T max' regional blood flow versus capillary density (total capillary length in a region) , and apparent per meability-surface area (PS) product versus capillary surface.
METHODS

Experimental procedures
The experiments included a combination of the indi cator fractionation method of measuring the unidirec tional movement of tracer glucose from blood to brain tissue, as described in detail by Gjedde (1980) and Gjedde et al. (1980) , and the double-tracer, dual-label autoradio graphic technique described by Diemer and Rosenl/lrn (1981) . A double-tracer technique was necessary because the calculation of T max and K, requires values for both glucose clearance and blood flow.
Fourteen rats were included in the study. Te n rats were anesthetized with ether, and catheters were placed in the tail artery and a femoral artery and vein. Following sur gery, the animals received 5% pentobarbital, 15 mg kg-I i.p. initially with supplementary doses of 5 mg kg-I as required later. Rectal temperature and arterial Pco2, Po2, and pH were monitored repetitively, the steady-state values being shown in Ta ble 1. The remaining four nor moglycemic rats were prepared for computer-assisted histological analysis of the regional capillary network, as described below.
The 10 rats were arbitrarily divided into three groups that received either no injection, 2 IU insulin kg-I i.p., or 8 mmol kg-1 glucose i.p., respectively. Thirty minutes later, at the new steady state, a mixture of the two tracers was injected intravenously, including 260 f.LC i D [3H]glucose and 25 f.LCi iodo[14C]antipyrine, obtained from the New England Nuclear Corporation (F.R.G.). Shortly before the injection of the tracers, a pump began the withdrawal of blood from the tail artery at a known rate, confirmed by weighing the sampling syringe before and after withdrawal.
The injected tracers circulated for 20 s, after which time the animal was decapitated by guillotine and the withdrawal pump stopped. The brain was carefully re moved and frozen in isopentane chilled to -60°C in dry ice and acetone. After 2 min, the brain was transferred to a refrigerator and kept at -80°C until further pro cessing. The arterial blood withdrawn by the pump, sep arate arterial samples drawn at the exact time of decap itation, and the remaining olfactory bulbs were trans ferred to preweighed counting vials, reweighed, and prepared for liquid scintillation spectrometry. Aliquots of the separate arterial samples obtained at the time of de capitation were instantly centrifuged for determination of the radioactivity of the plasma fraction and the partition of radioactivity between plasma and red blood cells (he matocrit).
Computer-assisted morphometry
The four animals selected for morphometric study of the capillary network were initially anesthetized with halothane and continued with a N20/02 mixture (2: 1) at a P a co2 of 35 mm Hg. The brains were perfusion fixed with 2.5% glutaraldehyde and routinely processed for paraffin embedding. The tissue shrinkage resulting from this treatment was uniformly 15% (Diemer, 1982) . Sec tions were cut from the blocks to a thickness of 4 f.Lm and stained with toluidine blue. At lO-fold magnification, the number (N) and areas of capillary cross sections were registered in selected brain regions with the TAS Plus image analyzer (Leitz). The measuring field was 400 x 300 f.Lm, and 42 fields were measured in each brain. Only vascular lumina with diameters of < 10 f.Lm were regis tered as capillaries.
Double-tracer, computer-assisted autoradiography
The frozen brains were cut in 20-f.Lm sections with a Leitz 1720 cryostat. For every tenth serial section, one was placed on Kodak MR x-ray film for 16 days for au toradiography, and the adjacent section was washed twice for 1 min in 2,2-dimethoxypropane (DMP) for complete removal of iodoantipyrine (Diemer and Rosenl/lrn, 1981 ) and subsequently exposed to 3H-sensitive film (LKB 3H_ Ultrofilm) for 19 days. A standard curve was prepared from methylmethacrylate standards (Amersham) cali brated against brain tissue containing known concentra tions of 14C or 3H, the latter in the form of 3-0-[3H]methyl-D-glucose in DMP-treated sections (Reivich et aI., 1969 ). The regional densities of the exposed films were measured with the TAS Plus image analyzer (Leitz).
Entire films were digitized in 256 x 256 pixels in 256 gray levels and stored for later analysis and synthesis of "im ages" of derived variables such as the PS product.
Other measurements
The tissue and blood samples were assayed for 3H and 14C radioactivity by liquid scintillation spectrometry and automatic external standardization as previously described (Gjedde and Crone, 1975) . Arterial oxygen and carbon dioxide tensions and arterial pH were determined with Radiometer microelectrodes. The glucose concen tration of the freshly spun and frozen arterial plasma sam ples was measured by the glucose oxidase method (Chris tensen, 1967) .
Calculations
The calculation of the blood flow and apparent glucose permeability of each brain sample was based on equations that have been derived and discussed previously [for a summary, see Gjedde (1983) ]. The radioacti vity re maining in the vessels of the brain samples was estimated from the plasma volume of brain ( V p), set to be 0.70 ml hg-l.
The blood-brain clearance of glucose (K I ) was deter mined as the ratio of the tracer amount in brain (after subtraction of the intravascular amount) to the time-con centration integral in arterial plasma
where M I (n is the amount of labeled glucose in brain at the time of decapitation (n and C I (!) is the concentration of labeled glucose in plasma as a function of time.
The blood flow rates (Fb) of selected regions in the autoradiograms were calculated from the iodoantipyrine content of the regions and the time-concentration integral of iodoantipyrine in arterial blood (2) where Min is the iodoantipyrine content of the regions at the time T , Cit) is the iodoantipyrine concentration in arterial blood as a function of time, and E(n is the frac tion of extracted iodoantipyrine from time zero to the time of decapitation (n. For a substance the brain uptake of which is limited solely by the blood flow, this fraction is a function of the blood flow and can be estimated by iterative means (Gjedde et aI., 1980) . The plasma flow rates to the regions (Fp) were calcu lated from the blood flow and the actual distribution of glucose between plasma and erythrocytes. The exchange able volume fraction was slightly larger than the plasma volume fraction measured from the hematocrit because of "trapped" plasma. The glucose extraction fraction was calculated as the ratio between the tracer clearance and the plasma flow, and the apparent PS product of glucose was calculated from the extraction fraction and the plasma flow rate (Crone, 1963) 
where K I is the tracer clearance and Fp is the plasma flow to the brain region in question. The apparent PS product also equals (Gjedde, 1980) 
The Michaelis-Menten constants Tmax and Kt were es timated by fitting Eq. 4 to the measured pairs of PS and Ca , where Ca is the glucose concentration in arterial plasma.
The total capillary length L v (mm mm -3) in a given region was calculated by an equation derived from Gun dersen (1979) 2 N"
where Na is the number of cross sections per mm2, 8 and L are the mean diameter and length, respectively, of each capillary section, and w is the section width. We used published averages for 8 (4.60 f..l m) and L (50 f..l m) (Diemer, 1981 ) . The mean value of the surface Sv (cm2 cm -3) was calculated as the weighted average of the product L1T8 11OfJ. 1 1 I
where N(o) is the measured number of capillaries with a given diameter and N" is the total number of registered capillary cross sections.
RESULTS
The physiological condition of the 10 rats is sum marized in Ta ble 1. The individual glucose PS prod ucts of 23 selected regions of the 10 brains are shown in Ta ble 2 for rats in hypo-, normo-, or hy perglycemia. Equation 4 was fitted to the observed pairs of PS and C a by nonlinear, least-squares com puter optimization. The result of the fitting is shown in Ta ble 3, as is the result of the blood flow mea surements. The average K t of all regions was 7.1 mM, corresponding closely to previously published values (Gjedde, 1982; Gjedde and Diemer, 1983 ).
The regional values of T max versus the regional blood flow are plotted in Fig. 1 . Figure 1 is based on values illustrated more com prehensively in Fig. 2. Figure 2 (left panel) shows representative "m aps" of the regional cerebral blood flow, calculated from the autoradiograms of the distribution of radioactive iodoantipyrine, in three sections of the rat brain, representing the brain at the level of the frontal, parietal, and cere bellar cortex. The flow values ranged from 20 to 180 ml hg -I min -I. The right panel shows corre sponding "maps" of the unidirectional flux of glucose from blood to brain in normoglycemia, constructed from the autoradiograms of the dis tributions of tritiated glucose and 14C-Iabeled io- doantipyrine. The glucose fluxes ranged from 100 to 400 /-Lmol hg-I min -I . The linear correlation between the value of Lv (the total capillary length in a given region) and the blood flow is shown in Fig. 3 . The values of Lv varied from 150 mm mm-3 in white matter regions to 1,500 mm mm -3 in the inferior colliculi. The relationship between the PS products and the val ues of S v was equally rectilinear, as shown in Fig. 4 . The capillary surface varied from 35 to 170 cm2 cm -3.
DISCUSSION
The cerebral capillary network arises from a system of penetrating arterioles (Biir, 1980) . There seems to be no preferential orientation of the cap illaries (Wolff, 1976) , but the density varies verti cally through the layers of the cortex as weI! as horizontally through the modules of the cortex (Biir, 1980) . The present study demonstrates that the re lationship between blood flow, glucose transport capacity (T max ) ' and, judging from the literature, also glucose metabolic rate is the same in all of the regions examined auto radiographically. The study also shows that the reason for this fixed relation is the anatomical arrangement of capillaries: the higher the blood flow of a given region, the larger the total length of capillaries serving that region, and the larger their total surface and the number of accompanying membrane-bound glucose trans porters. Thus, the study confirms that the capillary of the brain is a basic unit with the same charac teristics in all regions and with the same apparent permeability to glucose in all capillary beds; only the total length of capillaries varies from region to region.
The present study differed from previous auto radiographic studies of blood-brain glucose transfer in yielding simultaneous measurements of regional blood flow and glucose transport. It also differed from previous studies by providing esti mates of both T max and K(. This was accomplished by varying the plasma glucose concentration prior to the injection of tracers. In this manner, we could show that the measured apparent PS products of all regions declined with increasing plasma glucose concentration, as required by one of the criteria of facilitated diffusion. Figure 1 confirms that the maximal glucose trans port capacity varied in proportion to the regional FIG. 1. Regional T max versus regional cerebral blood flow (rCBF). Abscissa, rCBF values measured in the regions in dicated in Table 2 (ml hg-1 min-1). Ordinate, regional Tmax values in the corresponding regions (/-Lmol hg-1 min-1). The straight line was computed by linear regression of the points.
J Cereh Blood Flow Me t abol, Vol. 5, No.2, 1985 blood flow. The proportionality factor was 5 J-lmol ml-I , or about half of the plasma glucose concen tration. In all regions, the transport capacity evi dently represented �50% of the total amount of glu cose delivered to the capillaries of the regions. In a study of gerbils, conducted by tissue sam pling instead of autoradiography, Betz and Iannotti ( 1983) observed little variation of T max and regional blood flow between gray matter regions that in cluded cerebral cortex, basal ganglia, cerebellar hemispheres, and brainstem ( T max varied from 155 to 202 J-lmol hg-I min -I in these regions). The method was essentially adopted from the study of Gjedde (1980) in which the variation of T max be tween a few large samples of gray matter was also limited. In Betz and Iannotti's study, the values of K t varied negligibly (between 7.8 and 8.1 mM). Cremer et al. (1983) improved the regional reso lution considerably with 2-mm coronal sections of the rat brain and subsequent careful dissection of selected regions. In control rats, T m a x in gray matter regions ranged from 239 J-lmol hg -I min -I in hip pocampus to 422 J-lmol hg -I min -I in inferior col Iiculus. The variation and the values themselves, however, were somewhat smaller than calculated in the present study. Apparently, the observed extent of variation varies with the resolution of the re gional method, i.e., the size of the sampled regions.
In the stud y of Cremer et aI., T max was estimated indirectly on the assumption that the entire varia tion between regional values of the unidirectional glucose flux was due to regional differences of T max rather than to regional variation of K t • Therefore, this particular study shed no light on the original question of whether regional differences are due to variation of T max or K t . Hawkins et al. (1983) examined the regional blood-brain glucose transfer by autoradiography and correlated the findings with regional measure ments of glucose consumption. The authors found that regional measurements of blood -brain glucose flux and glucose consumption varied proportion ately. Just as in the study discussed above, Hawkins et al. estimated values of T max by assuming no re gional variation of K t (placed at 8 mM). The re sulting T max values varied between 150 and 500 J-lmol hg -I min -I , independently of the length of infusion of the glucose tracer (10 or 20 s). The value of T max for whole brain averaged 387 J-lmol hg -1 min-I .
The four studies mentioned above, as well as the present study, are at variance with work reported by Pardridge et al. (1982) . These authors used in tracarotid injection of tracers. In that study, T max values of gray matter regions that included colliculi, thalamus and hypothalamus, basal ganglia, hippo-FIG. 2. Representative images of corresponding values of regional cerebral blood flow (left) and glucose flux (right) in neigh boring sections from three levels of a normoglycemic rat brain. Top row: Images represent coronal sections that include frontal cortex. Center row: Images include parietal cortex. Bottom row: Images represent cerebellum. The blood flow images were calculated from the autoradiograms of radioactive iodoantipyrine distribution. The glucose flux images were constructed in 256 x 256 pixels from two neighboring autoradiograms of the radioactive iodoantipyrine and corresponding radioactive glucose distribution by multiplying the permeability-surface area products and the plasma glucose concentration. Scales indicate re gional cerebral blood flow and glucose flux in units of ml hg-1 min-1 and fLmol hg-1 min-1, respectively. Re lationship between measurements of rCBF and measure ments of total capillary length in regions corresponding to the numbers given in Table 2 is shown. Abscissa, regional capillary length determined by morphometry (mm mm-3). Ordinate, rCBF, determined by indicator fractionation and autoradiography (ml hg-' min-'). The line was drawn by linear regression. The numbers in the circles refer to regions specified in Table 2. campus, and frontal cortex ranged from 43 to 63 J..L mol hg-I min -I, or about one-tenth of the values reported in the present article. The reason for the marked difference is due partially to subtraction of a possible nonsaturable diffusion component, but also to the fact that blood flow to brain was un known during the injection of an intracarotid bolus and therefore perhaps could not be corrected for precisely.
Recently, Pardridge (1983) attributed part of the difference to a possible source of error in the intra venous injection method used in most of the studies cited above. If the injected bolus does not mix com pletely with the blood plasma, the specific activity may possibly be higher than estimated in arterial samples. We investigated the effect of this possi bility by coinjecting rats with eH]-and [I4C]glu cose, dissolved in whole blood and in saline, re spectively. The glucose clearances determined after solution of labeled glucose in whole blood averaged 79% (SD 14 %, n = 3) of the clearances determined after solution in saline. Hertz and Paulson (1983) , on the other hand, ar gued that the numbers obtained with the intrave nous injection method must be too low because of probable backflux of tracer from brain to blood in the 20 s of the experiment. For early times after the intravenous injection, the following equation de scribes the extraction fraction at time T as a func tion of the initial fraction of unidirectional transport (Gjedde, 1982 FIG. 4. Regional permeability-surface area (PS) product versus Sv. Relationship between regional measurements of PS product and total regional capillary surface in the regions specified in Table 2 is shown. Abscissa, regional capillary surface determined by morphometry (cm2 cm-3). Ordinate, regional PS product, measured by autoradiography (ml hg-' min-'). The line was drawn by simple linear regression. The numbers in circles refer to regions specified in Table 2 . The K/ k 2 ratio for glucose is close to 0.5 ml g-I (Gjedde and Diemer, 1983) . With a plasma flow of 60 ml hg-I min -I (60% of the blood flow) and a measured extraction of 50%, at 20 s the measured extraction would be 90% of the initial extraction. This is well within the accuracy of the method. We conclude that the two effects influence the clear ances in opposite directions and, in combination, lead to a 10% overestimation of unidirectional clear ance.
In the study by Cremer et al. (1983) , T max in creased to as much as 800 J..L mol hg -1 min -1 (cer ebellar cortex) after stimulation of the metabolism with excitatory insecticides, suggesting an increase of the capillary surface area and volume with the increased need for glucose.
The present study did not deal with the question of the changes in the number of perfused capillaries, i. e. , "recruitment" of capillaries in response to metabolic changes. The values of Sv and Lv were maximal estimates. Therefore, the relationship be tween S v' i. e., the theoretically available capillary surface, and S, the effective or functional area of exchange, could not be established on the basis of the present study.
